Type I (insulin-dependent) diabetes mellitus is the result of the selective destruction of pancreatic islet beta cells by an autoimmune process. A variety of procedures and therapies that delete, suppress or modulate functions of immune system cells can block the autoimmune response against islet beta cells and prevent beta-cell destruction and Type I diabetes. Immunotherapy might even reverse established diabetes in the NOD mouse, a model of human Type I diabetes [1, 2] . In human Type I diabetes, there is also more potential for the restoration of endogenous insulin secretion and reversal of diabetes than has been assumed. For example, patients receiving the immunosuppressive drug cyclosporine experienced more frequent and longer duration remissions than Diabetologia (2002) Methods. Sirolimus and tacrolimus were given separately and together to female non-obese diabetic (NOD) mice from age 12 to 35 weeks. Diabetes incidence was determined and pancreatic insulitis and insulin content were measured. Sirolimus and tacrolimus were also given separately and together to diabetic NOD mice from the time of syngeneic islet transplantation until the reappearance of hyperglycaemia. Islet grafts were examined by RT-PCR assay for expression of interferon (IFN)-g, interleukin (IL)-2, IL-4, IL-10 and transforming growth factor (TGF)-b1.
control patients [3] . However, the risk-to-benefit ratio of treating patients with newly diagnosed Type I diabetes with cyclosporine does not justify widespread clinical use.
Identification of effective immunosuppressive agents with lower risk-to-benefit ratios has come mainly from the field of organ transplantation. Recent reports have identified immunosuppressive drug combinations that allow dose reductions of individual drugs and consequently reduction of side effects. The major side effects of the calcineurin inhibitors, cyclosporine and tacrolimus are nephrotoxicity, neurotoxicity, diabetes mellitus and hyperlipaemia. In contrast, combinations of low doses of tacrolimus (FK506), which inhibits IL-2 gene transcription, with sirolimus (rapamycin), which inhibits IL-2 induction of T-cell proliferation [4] , provided strong synergistic potentiation of efficacy in animal organ allotransplantation [5±7] and very low rates of rejection of human liver, kidney, and pancreas allografts [8] .
Based on these reports, we developed a sirolimustacrolimus combination immunosuppressive therapy, together with a monoclonal antibody against the IL-2 receptor, to treat Type I diabetic patients that received human islet allografts. We found that this glucocorticoid-free immunosuppressive regimen for clinical islet allotransplantation in Type I diabetes can result in insulin independence with excellent metabolic control for over 1 year in 80 % of subjects (12 of 15) and with no serious side effects [9, 10] compared with 14 % for previous islet allotransplantations reported to the islet transplant registry [11] .
Human islet allografts transplanted into patients with Type I diabetes elicit two distinct types of immune responses: an allogeneic response to tissue alloantigens and an autoimmune response to islet betacells autoantigens. The purpose of this study was to determine whether sirolimus-tacrolimus combination immunosuppressive therapy can prevent autoimmune beta-cell destruction, in the absence of alloimmunity, and if so, to determine the mechanism of action of this combination therapy.
Materials and methods
Animals. Female NOD mice, 4 weeks of age, were purchased from Taconic (Germantown, N. Y., USA). The mice were housed and fed under specific pathogen-free conditions and were cared for according to the guidelines of the Canadian Council on Animal Care. Female NOD mice of this colony develop pancreatic islet infiltration by leucocytes beginning at about 4±5 weeks of age. Immunosuppressive drug treatments of NOD mice were begun at 12 weeks of age just before diabetes onset. Another group of female NOD mice were allowed to develop diabetes, and were then treated by daily subcutaneous injections of a 1:1 mix of regular pork and NPH beef insulin (2.0 U/100 g body weight) for 3±6 weeks before receiving transplants of syngeneic islets isolated from female NOD mice, 4 weeks of age.
Diabetes prevention studies. Female NOD mice were treated, from age 12 weeks, with the immunosuppressive drugs sirolimus and tacrolimus. The drugs were given separately or together at doses of 0.1 mg/kg and 1.0 mg/kg daily by gavage in medium chain triglycerides oil (Mead Johnsons Nutritionals, Ottawa, Ontario, Canada), and control mice were given the oil vehicle only. Sirolimus (Rapamune) was generously provided by Wyeth-Ayerst Research (Pearl River, N. Y., USA). Tacrolimus (Prograf) was generously provided by Fujisawa Canada (Markham, Ontario, Canada). The mice were monitored daily for diabetes onset by urine testing, using Keto-Diastix (Bayer, Etobicoke, Ontario, Canada). Diabetes onset was diagnosed by the presence of glucosuria ( > 6 mmol/l) and ketonuria ( > 1.5 mmol/l) and a tail vein blood glucose of 12 mmol/l or more measured on a glucose meter (Glucometer Elite, Bayer). The mice were killed by sodium pentobarbital overdose after diabetes onset or at the age 35 weeks if still normoglycaemic. Pancreata were removed from diabetic NOD mice treated with vehicle and from all NOD mice that remained normoglycaemic up to 35 weeks of age.
Histologic studies. A portion (~10 %) of each pancreas was fixed in 10 % buffered formalin, embedded in paraffin, sectioned at 4.5mm, stained with hematoxylin and eosin, and coded slides were examined by light microscopy. Islet inflammation (insulitis) was graded 0 to 3, according to the extent of intra-islet infiltration by leucocytes: 0, none; 1, < 10 % infiltration; 2, 10±50 % infiltration; 3, > 50 % infiltration. A mean insulitis score was calculated for each pancreas by dividing the sum of the insulitis scores for individual islets by the number of islets examined.
Insulin assay. The rest (~90 %) of each pancreas removed from the mice was weighed, minced with fine scissors and incubated in acidified ethanol (75 % ethanol, 1.5 % 12 mmol/l HCl, and 23.5 % H 2 O) for 18 h at 4 C to extract insulin from the pancreas. The ethanol extracts were diluted in insulin assay buffer and insulin was measured using an RIA kit (Pharmacia, Uppsala, Sweden) and rat insulin as standard.
Sirolimus and tacrolimus assays. Blood concentrations of sirolimus in NOD mice were measured by HPLC-UV assay (Isotechnika, Edmonton, Alberta, Canada) and blood concentrations of tacrolimus were measured by IMX enzyme immunoassay (Abbott, North Chicago, Ill., USA).
Islet transplantation studies. Islets were isolated from 4 week old female NOD mice by collagenase digestion of the pancreas and Ficoll density gradient centrifugation and then hand picked [12] . A total of 500 freshly isolated islets (pooled from about four donor NOD mice) were transplanted under the left renal capsule in each diabetic NOD mouse, according to a previously described procedure [13] . The islet recipient mice were allocated at random to treatment with sirolimus 0.1 mg/ kg, tacrolimus 0.1 mg/kg, sirolimus as well as tacrolimus, or vehicle only, given daily by gavage, from the day of islet transplantation. Transplantation was considered successful if the non-fasting blood glucose returned to normal ( < 7.0 mmol/l) and remained normal for the first 4 days after transplantation. Urine was monitored daily after transplantation and if glucosuria and ketonuria appeared, then tail vein blood glucose was measured. Graft rejection was diagnosed by return of hyperglycaemia (blood glucose > 12 mmol/l) accompanied by glucosuria and ketonuria on two consecutive days. In a second study, diabetic NOD mice received syngeneic islet transplants and treatments with vehicle and with sirolimus and tacrolimus, separately and together. The mice were killed at 12±16 days af-ter transplantations and the islet grafts were removed and studied for cytokine mRNA expression by PCR assays.
PCR analyses. RNA was extracted from islet grafts by a modification of the guanidinium thiocyanate method [14] and cytokine mRNA transcripts were measured in a semi-quantitative RT-PCR assay [15] . cDNA synthesis was carried out on 5 mg of total RNA with a Superscript Reverse-Transcriptase Kit (Life Technologies, Burlington, Ontario, Canada), using oligo (deoxythymidine) 12±18 and Moloney murine leukaemia virus transcriptase (20 U) in a 25-ml vol at 37 C for 1.5 h. The reverse transcription product was diluted 1:20, 1:100, and 1:500 in sterile H 2 O. PCR amplification of cDNA was done on 5 ml of each dilution in a 20-ml vol containing 80 ng of each primer, 0.25 mmol/l of each deoxy-NTP, 92. . Samples were amplified through 40 cycles at 94 C for 20 s, 60 C for 20 s, and 72 C for 30 s in a Gene Amp PCR System 9600 (Perkin Elmer Cetus). The sequences of the sense and antisense oligonucleotide primers, respectively, were as follows: IL-2, CCTGAGCAGGATGGA-GAATTACAG and CTTATGTGTTGTAAGCAGGAGG-TAC; IL-4, GTCTCTCGTCACTGACGCACAGAGCT-ATTG and CATGATGCTCTTTAGGCTTTCCAGGAA-GTC; IL-10, AGCTGGACAACATACTGCTAACC and TCATTCATGGCCTTGTAGACAC; IFN-g, CGCTACA-CACTGCATCTTGG and GGCTGGATTCCGGCAACA; TGF-b, TTGGTATCCAGGGCTCTCC and TGAGTGGC-TGTCTTTTGACG; and cyclophilin, GACAGCAGAA-AACTTTCGTGC and TCCAGCCACTCAGTCTTGG. The PCR reaction products were electrophoresed on 1.5 % agarose gels and transferred to nylon membranes. Incorporation of 32 P in the PCR product bands was measured by phosphor imager analysis (Fujix BAS 1000; Fuji Photo Film, Tokyo, Japan) and expressed as photon-stimulated luminescence for each minute. The values obtained for each cytokine PCR product were normalized as a percentage of cyclophilin PCR product amplified from the same cDNA preparation. All samples compared were amplified in the same PCR run to avoid interassay variation and the final results are the averages from two separate PCR assays.
Statistical analyses. Diabetes incidence data were compared for significant differences by Fisher's exact test. Islet graft survival times (median days after transplantation) were compared for significant differences by the Mann-Whitney rank sum test. All other data are expressed as means SEM values. Differences between groups were analysed by ANOVA with TukeyKramer's multiple comparisons test. A p value of less than 0.05 was considered to be statistically significant.
Results
Diabetes onset and incidence. Female NOD mice were treated with sirolimus and tacrolimus, separately or together, starting at age 12 weeks (advanced insulitis stage just before diabetes onset). Sirolimus produced a dose dependent delay in onset and decrease in diabetes incidence at 35 weeks (Fig. 1A) . Diabetes incidence at 35 weeks was 66 % (11 of 17 mice) in vehicle-treated mice, 50 % (5 of 10 mice) in mice treated with sirolimus 0.1 mg/kg (p = 0.69, NS vs vehicle), and 33 % (3 of 9 mice) in mice treated with sirolimus 1.0 mg/kg (p = 0.22, NS vs vehicle). Tacrolimus did not decrease diabetes incidence at 35 weeks (Fig. 1B) . Combination of sirolimus and tacrolimus delayed diabetes onset and reduced diabetes incidence (Fig. 1C) . Interestingly, a combination of sirolimus and tacrolimus, using the low dose of both drugs (0.1 mg/kg) reduced diabetes incidence at 35 weeks the most (8 %, 1 of 12 mice, p = 0.0032 vs vehicle), compared with 33 % (4 of 12 mice, p = 0.14, NS vs vehicle) for mice treated with the high dose of both drugs (1.0 mg/kg), and 66 % (11 of 17 mice) for vehicle-treated mice.
The synergistic effects of low doses of sirolimus and tacrolimus (0.1 mg/kg) to prevent diabetes development were not due to any drug interactions affecting blood concentrations of the two drugs because blood concentrations of sirolimus were 9.4 2.3 mg/l in mice treated with sirolimus 0.1 mg/kg alone (n = 5) and 8.5 1.0 mg/l in mice treated with sirolimus 0.1 mg/kg plus tacrolimus 0.1 mg/kg (n = 11).
A B C Fig. 1 (A±C) . Diabetes incidence in female NOD mice treated, from age 12 weeks, with sirolimus (A), tacrolimus (B), or sirolimus plus tacrolimus (C). The drugs were given separately or together at doses of 0.1 mg/kg daily (~, n = 10±12) and 1.0 mg/kg daily (&, n = 9±12), and control mice were given vehicle only (*, n = 17). Sirolimus produced a dose-dependent delay in onset and decrease in diabetes incidence at 35 weeks (A). Tacrolimus did not decrease diabetes incidence at 35 weeks (B). Combination of sirolimus and tacrolimus (C), using the low dose of both drugs (0.1 mg/kg daily,~) decreased diabetes incidence at 35 weeks the most (8 %, 1 of 12 mice)
Also, blood concentrations of tacrolimus were 3.3 0.3 mg/l in mice treated with tacrolimus 0.1 mg/ kg alone (n = 4) and 3.5 0.2 mg/l in mice treated with sirolimus 0.1 mg/kg plus tacrolimus 0.1 mg/kg (n = 11). Blood concentrations of drugs are trough values measured at 24 h after daily drug administrations from age 12 to 35 weeks. Sirolimus and tacrolimus, given separately or together at a dose of 0.1 mg/kg, did not affect body weights or health of the mice. Also, sirolimus at the higher dose of 1.0 mg/kg did not affect body weights or health of the mice; however, tacrolimus 1.0 mg/kg, given alone or together with sirolimus, reduced body weight gain in some of the mice.
Pancreatic insulitis and insulin content. Insulitis was significantly less and pancreatic insulin content was significantly greater in female NOD mice that remained normoglycaemic to age 35 weeks after treatment with vehicle, sirolimus 0.1 mg/kg, tacrolimus 0.1 mg/kg, and sirolimus as well as tacrolimus than in vehicletreated mice that became diabetic before 35 weeks of age (Fig. 2) . Importantly, pancreatic insulin content was significantly greater in normoglycaemic mice treated with the combination of sirolimus and tacrolimus (39.5 4.6 ng/mg) than in normoglycaemic mice treated with vehicle (23.1 5.0 ng/mg) (Fig. 2) .
Diabetes recurrence after syngeneic islet transplantation. Syngeneic islet transplantation restored normoglycaemia (blood glucose < 7.0 mmol/l) in diabetic NOD mice 8±12 h after transplantation; however, diabetes recurred (blood glucose > 12.0 mmol/l) at a median of 13 days (range 7±17) after transplantation in mice treated with vehicle only (Fig. 3) . Median graft survival (prevention of hyperglycaemia recurrence) in mice treated with tacrolimus was 15 days, not significantly different from that in vehicle-treated mice. In contrast, median graft survival was prolonged to 28 days in mice treated with sirolimus (p = 0.026 vs vehicle-treated mice), and to 34 days in mice treated with sirolimus plus tacrolimus (p = 0.002 vs vehicle-treated mice).
Cytokine expression in islet grafts and spleens. Cytokine mRNA expressions were measured in islet grafts removed from the left renal subcapsular transplantation site of NOD mice treated with vehicle, sirolimus, tacrolimus, and the combination of drugs at 12±16 days after transplantation. IFN-g mRNA was significantly decreased in grafts from mice treated with either sirolimus, tacrolimus, or the combination of drugs (Fig. 4) . In contrast, TGF-b1 mRNA expression was significantly increased in islet grafts from mice treated with either sirolimus, tacrolimus, or the combination of drugs. Importantly, the ratio of TGFb1/IFN-g mRNA was highest in mice treated with the combination of sirolimus and tacrolimus (37.2 7.1) compared with 10.8 3.1 for mice treated with sirolimus alone and 14.4 4.7 for mice treated with tacrolimus alone (p < 0.05 for effects of drug combination vs either drug alone). IL-2 and IL-10 mRNA expression were significantly reduced in mice treated with either tacrolimus alone or the combination of sirolimus and tacrolimus. IL-4 mRNA ex- pression was not significantly different in the different groups of mice. Thus, islet grafts from mice treated with sirolimus plus tacrolimus, which prevented autoimmune diabetes recurrence the longest (Fig. 3) , expressed the lowest mRNA contents of Th1-type cytokines (IFN-g and IL-2) and the highest ratio of TGF-b1/IFN-g mRNA, whereas mRNA contents of other Th2-type cytokines (IL-4 and IL-10) were not increased (Fig. 4) .
Cytokine expression patterns in spleens were quite different from those in islet grafts. Thus, IFN-g mRNA expression was not different in spleens from the different groups of mice (Fig. 5) ; TGF-b1 mRNA expression was significantly decreased in spleens of mice treated with sirolimus and tacrolimus, given separately or together; and IL-4 mRNA expression was significantly lower in spleens of mice treated with either immunosuppressive drug.
Discussion
In this study, we found that combination therapy with low doses of the immunosuppressive drugs, sirolimus and tacrolimus, is synergistic in preventing spontaneous and recurrent autoimmune diabetes in the NOD mouse, a model of human Type I diabetes. These findings are in accord with reports of strong synergistic effects of sirolimus and tacrolimus in prolonging survival of organ allografts in animals [5±7]. Our findings are the first to demonstrate this synergy in autoimmune disease.
Both alloimmune and autoimmune responses depend upon T-cell activation and proliferation, and sirolimus and tacrolimus inhibit T-cell responses but by different mechanisms. Although both drugs bind to the same cytosolic binding protein, FKBP-12 [16] , the tacrolimus-FKBP complex binds to and inhibits calcineurin, thereby blocking gene transcription of cytokines such as IL-2. The sirolimus-FKBP complex on the other hand binds to and inhibits the protein, mammalian target of rapamycin (mTor), thereby blocking cell-proliferation signals induced by growth factors and cytokines such as IL-2 [4, 17] . Therefore, tacrolimus inhibits IL-2 production and early T-cell activation whereas sirolimus has the unique ability to inhibit late T-cell events (ie. IL-2-induced T cell activation). These different mechanisms and sites of inhibition of T-cell activation by tacrolimus and sirolimus explain the synergistic effects of the drugs against allo-and autoimmune responses.
Tacrolimus has previously been reported to reduce diabetes incidence in NOD mice [18] and Biobreeding (BB) rats [19] ; however, high doses (1±2 mg/kg daily) were used and treatments were started before insulitis development. Furthermore, sirolimus has previously been reported to prevent diabetes in NOD mice [20] . However only doses greater than 0.6 mg/kg were effective, as in our study where we found that sirolimus 1.0 mg/kg daily reduced diabetes incidence in NOD mice by 50 % but sirolimus 0.1 mg/ kg daily did not. Importantly, the combination of sirolimus 0.1 mg/kg and tacrolimus 0.1 mg/kg almost completely prevented diabetes development in NOD mice but each drug given separately at this low dose had no effects on diabetes incidence. The importance of this strong synergistic effect of sirolimus and tacrolimus is that it was achieved using doses of the drugs that produced blood levels of drugs in the clinical target range desired to prevent toxicity. Indeed, we found that the higher dose of tacrolimus (1.0 mg/ kg daily) impaired weight gain, as previously reported at this dose of tacrolimus in BB rats [19] . Also, the high dose of tacrolimus, used in combination with sirolimus, was less effective in preventing diabetes than using the lower dose combination of drugs (0.1 mg/kg daily). Aside from the toxic effect of the high dose of tacrolimus, we do not have an explanation for why the high dose combination of immunosuppressive drugs was less effective than the low dose combination.
As for mechanisms of the protective effects of sirolimus and tacrolimus against autoimmune betacell destruction, we found that each drug reduced mRNA expression of Th1-type cytokines (IFN-g and IL-2) and increased mRNA expression of the immunoregulatory cytokine, TGF-b1 in syngeneic islet grafts, and combination of sirolimus and tacrolimus resulted in the highest ratio of TGF-b1/IFN-g mRNA. These effects on cytokine expression were localized to islets and did not occur systemically (in spleens). Our findings in vivo are similar to those re- Fig. 3 . Sirolimus and the combination of sirolimus and tacrolimus prolong survival of syngeneic islet grafts in NOD mice. Median graft survival was 13 days for mice treated with vehicle (*, n = 6), 15 days for mice treated with tacrolimus 0.1 mg/kg daily (&, n = 4), 28 days for mice treated with sirolimus 0.1 mg/kg daily (*, n = 6), and 34 days for mice treated with sirolimus and tacrolimus (~, n = 6) ported for human peripheral blood lymphocytes activated in vitro [21] . In the latter study, it was found that the combination of sirolimus and tacrolimus produced the greatest increase in TGF-b1 and the greatest decrease in IL-2 production by activated lymphocytes, and the author concluded that induction of TGF-b1 and inhibition of IL-2 expression is a common mechanism of the immunosuppressive properties of sirolimus and calcineurin inhibitors [21] . In our study, reduced expression of Th1-type cytokines (IFN-g and IL-2) in islets (eg. by tacrolimus) was not sufficient by itself to prevent autoimmune beta-cell destruction and strong induction of TGF-b1 expression (eg. by sirolimus) was also necessary.
Other studies have identified roles for TGF-b1 in preventing autoimmune diabetes. TGF-b1, expressed transgenically in pancreatic islet beta cells, protected NOD mice from diabetes [22] . In other studies, transgenic expression of TGF-b1 in pancreatic islet alpha cells protected NOD mice from diabetes, and the protective action of TGF-b1 was related to blocking the cytotoxic effects of diabetogenic effector lymphocytes [23] . Also, TGF-b1 somatic gene therapy reduced insulitis and diabetes in cyclophosphamide-accelerated and natural course autoimmune diabetes in NOD mice and pancreatic IL-12 and IFN-g mRNA expression was lower [24] . In addition, we found that TGF-b1 production by testicular Sertoli cells is a mechanism by which these cells protect syngeneic islet grafts transplanted into diabetic NOD mice [25] . Similarly, TGF-b1 has been implicated as a mediator of the diabetes-preventive effects of isletreactive CD4 + T-cell clones [26, 27] . An important finding in this study is that combination therapy with sirolimus and tacrolimus prevented diabetes development in NOD mice at an advanced stage of insulitis, just before diabetes onset. Also, this immunosuppressive drug combination signifi- cantly delayed autoimmune diabetes recurrence in diabetic NOD mice transplanted with syngeneic islets. These findings show that low dose sirolimus-tacrolimus combination therapy is effective against an ongoing autoimmune response. Therefore, we suggest that this combined immunosuppressive therapy could warrant cautious consideration for prevention or early treatment of human Type I diabetes. An expanded series of Type I diabetic subjects transplanted with islets alone and treated with a sirolimus-tacrolimus drug combination will allow long-term risks to be defined, thereby clarifying the risk-to-benefit ratio of this therapy for diabetes prevention.
